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Abstract 
The self-propulsion of a heavy, superoleophobic, metallic micro-boat carrying 
a droplet of various aqueous alcohol solutions as a fuel tank is reported. The micro-
boat is driven by the solutocapillary Marangoni flow. The jump in the surface tension 
owing to the condensation of alcohols on the water surface was established 
experimentally. Maximal velocities of the self-propulsion were registered as high as 
0.05 m/s. The maximal velocity of the center mass of the boat correlates with the 
maximal change in the surface tension, due to the condensation of alcohols. The 
mechanism of the self-locomotion is discussed. The phenomenological dynamic 
model describing the self-propulsion is reported. 
                                                 
1 Was published in Journal of Colloid and Interface Science, 479 (2016) 182–188. 
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1. Introduction 
Autonomous locomotion of solid and liquid objects containing their own 
means of propulsion, called also self-propelling, driven by various physico-chemical 
(mainly interfacial) phenomena attracted considerable attention from researchers in 
the last decade [1–3]. Various mechanisms of self-propelling have been introduced, 
including the use of gradient surfaces [4–6], involving hot and cold Leidenfrost 
effects [7–11], soluto- and thermo-capillary Marangoni flows, and exploiting micro- 
and nano-structured surfaces [10–15]. Self-propulsion of micro-scaled objects and 
macroscopic bodies such as a camphor boat was investigated [16–17]. Self-propelling 
supported by liquid [10, 11, 18] and solid surfaces was reported.  
The interest in self-propelling systems arises from numerous fundamental 
problems and applications, including mechanisms of the motion of bacteria and other 
microswimmers [20], lab-on-chip systems [15], drug delivery and microsurgery [21-
22]. In our work we report self-propelling of a macroscopic superoleophobic boat, 
carrying aqueous solutions of various alcohols, driven by the solutocapillary 
Marangoni flow [23–25] (shown in Fig. 1A). 
2. Experimental 
For the manufacturing of the micro-boat aluminum plates with the thickness of 
0.10 mm were used. The superoleophobic properties were conferred to aluminum 
plates by two-stage process described in detail in Ref. 26. At the first stage Al plates 
were immersed for 5 min in a 5%water solution of hydrochloric acid (HCl was 
supplied by Alfa Aesar). At the second stage dried micro-rough Al plates were 
immersed for 30 min in a solution of perfluorononanoic acid, 97% C9HF17O2 
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(supplied by Alfa Aesar). Thus, micro-rough plates possessing pronounced 
superoleophobic properties were prepared [26]. The shape of the boat is shown in Fig. 
1A-B.  
The motion of the boat was registered by the еру-video imaging using a 
CASIO Digital Camera EX-FH20. After capturing the video, the movie was split into 
separate frames by the VirtualDub software. The videos were treated by the specially 
developed software, enabling the calculation of the speed of the boat. 
 
Fig. 1A. Superoleophobic metallic boat placed on the water surface carrying a 
2.5 µl droplet of aqueous ethanol solution.  
 
 
Fig. 1B. Geometric parameters of the boat (supplied in mm). The red spot depicts the 
deepening which fixed the location of a droplet. 
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Aqueous solutions of methanol (supplied by Tedia Co. Inc, USA, 
HPLC/SPECTRO grade), ethanol, propanol and butanol (supplied by Bio Lab Ltd.) 
Israel, AR grade), were used for creating Marangoni flows driving the boat. The 
general chemical formula of alcohols is CnH2n+1OH (n = 1 for methanol, 2 for ethanol, 
3 for propanol, and 4 for butanol). The concentration of solution was varied within the 
range 5–40 wt%. The droplet of the solution with a volume of 2.5 µl was placed 
carefully with a precise micro-syringe on the surface of a floating boat as shown in 
Fig. 1A. The deepening shown with the red speckle in Fig. 1B enabled the fixation of 
the location of the droplet. 
For the study of the impact exerted by alcohols evaporated from the droplet 
and condensed on the surface tension of the water surface following model 
experiments were carried out. Change in the surface tension of pendant water droplet 
was measured within different experimental scenarios. According to the first 
approach, a water droplet was suspended over alcohol surface, and the surface tension 
was measured vs. the distance between the alcohol surface and the bottom of the 
droplet (see Fig. 2). Under the second approach, water droplet was placed at some 
constant height above the alcohol surface, and the kinetics of the surface tension 
change was measured. Surface tension was measured with the pendant droplet method 
using the Ramé-Hart Advanced Goniometer Model 500-F1 at ambient conditions. The 
initial volume of water droplets was 5-6 µl. 
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Fig. 2. The image of the pendant water placed at h = 2 mm height above the alcohol 
surface. 
Figure 3 presents dependences of the surface tension on the separation of a 
pendant droplet from the alcohol surface. The surface tension was measured for the 
same water droplet when it moved down from 20 to 1 mm distance above the puddle 
of an alcohol. The dependence is very similar for all alcohols. The value of the surface 
tension decreases from 71 mJ/m2 to the value slightly depending on the kind of the 
studied alcohols. Figure 4 presents changes of the surface tension of water droplets 
depending on the time of the pending above an alcohol surface. The water droplet was 
suspended above an alcohol puddle, and the surface tension was measured every 
minute at the rate 10 measurements at second, and the average was calculated. 
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Fig. 3. The surface tension of the pendant water droplet vs. its separation from the 
alcohol surface for various alcohols. 
 
It is recognized from the data supplied in Fig. 3 that the surface tension of the pendant 
water droplet, placed above the alcohols surfaces, approached to 25 mJ/m2 with the 
decrease of the spatial separation h. Thus the maximal change in the surface tension of 
the droplet due to the condensation of alcohols vapors is estimated as approximately 
45 mJ/m2.  
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Fig. 4. The kinetics of the change of the surface tension of pendant water droplets 
placed at the fixed separation from: A methanol, B ethanol, C propanol, and D n-
butanol. 
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Figure 4 A-D demonstrates that the surface tension of the pendant water 
droplet, placed at the constant separation from alcohol surfaces decreases from the 
initial value of 71 mJ/m2 for pure water to a some saturation value which is very close 
to the surface tension of a pure alcohol (see Table 1). Closed circles at each graph 
correspond to the surface tension measured for the same water droplet when it moved 
down from 20 to 1 mm distance above the puddle of an alcohol on the same time scale 
according to the first approach. These graphs demonstrate that alcohol evaporates 
from the puddle and condenses on the surface of a pendant water droplet resulting in 
the decreasing of the surface tension. 
Table 1. Final surface tensions of pendant water droplets exposed to various alcohol 
(CnH2n+1OH, n = 1…4) vapors. 
 Methanol 
(n = 1) 
Ethanol 
(n = 2) 
Propanol 
(n = 3) 
n-Butanol 
(n = 4) 
Surface tension of a pure alcohol, 
γ, mJ/m2, 25°C (*) 
22.1 22.0 20.9 25.0 
Measured surface tension of water 
droplet suspended above an 
alcohol, γ, ±0.2 mJ/m2 
34.0 30.8 27.4 26.6 
The difference between pure water 
surface tension (71.97 mJ/m2, at 
25oC) and surface tension of water 
droplet suspended above an 
alcohol,  , ±0.2 mJ/m2. 
38 41.2 44.6 45.4 
The maximal velocity of the center 
mass of the boat 
max
cmv , carrying 2.5 
µl droplet containing an aqueous 
solution (c0 = 5 wt%) of the 
alcohol, ±0.001 m/s. 
0.003 0.005 0.018 0.024 
(*) Thermophysical Properties of Chemicals and Hydrocarbons, Carl L. Yaw, William Andrew, Norwich, NY, 
2008  https://www.accudynetest.com/visc_table.html#005 
 
 
The Petri dish in which the self-propulsion was observed was put in thermostatic 
conditions. The temperature at the water surface was controlled with the Therm-App 
infrared camera with an accuracy of ±0.1°. 
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3. Results and discussion 
3.1. Experimental data representing the self-propulsion 
Self-propulsion of the superhydrophobic boat was observed for all kinds of 
aqueous solutions of alcohols used in the investigation, when the initial concentration 
of the alcohols c0 was confined within the range of 5–40% wt. The sequence of 
images demonstrating the self-propulsion is supplied in Fig. 5. It was impossible to 
place on the boat droplets with the larger concentrations of alcohols due to the Cassie-
Wenzel transitions, which occurred on the superhydrophobic surface of the micro-
boat [27]. The self-propulsion took place under isothermal conditions; the thermal 
camera did not recognize the temperature change at the water surface with an 
accuracy of 0.1°. Hence the effects to the thermal Marangoni flows are negligible. 
 
 
Fig. 5. The sequence of images demonstrating the self-propulsion of the 
superhydrophobic boat. The time separation between images is 2.66 s. The arrow 
shows the direction of the motion. 
 
 It is reasonable to suggest that the mechanism of the self-propulsion is similar 
to that discussed recently in Ref. 28. Jin et al. recently reported self-propulsion of a 
macroscopic boat driven by the diffusion of alcohols vapor (ranging from methanol to 
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n-heptanol), through a superoleophobic nanofibrillar membrane, permeable to gases 
but repellent for liquid water and oil [28]. The evaporation of vapor decreased the 
original surface tension of the carrying liquid, allowing the self-propulsion of the boat 
[28].  
In our experiments the spatial asymmetry of the surface tension, providing the 
Marangoni solutocapillary flow and consequent self-propulsion, was achieved by the 
special shape of the boat (depicted in Fig. 1A-B), enabling the condensation of the 
alcohol vapor mostly at the back of the boat, as illustrated in Fig. 6. The evaporation 
of various alcohols from the droplet created a surface tension gradient over the 
carrying liquid underneath the front and the rear parts of the boat and drove it 
forward. The mathematical model of the self-propulsion will be discussed below. 
 
  
 
Fig. 6. Scheme illustrating the mechanism of self-propulsion of the metallic 
superoleophobic boat driven by the solutocapillary Marangoni flow. The boat is 
carrying on itself the droplet of an aqueous solution of alcohol. Alcohol evaporates, 
and due to the shape of the boat creates the area of the lower surface tension at the 
rear side of the boat. Red arrows show evaporation of alcohol. 
 
H2O + C2H5OH low surface tension  
water  
Marangoni flow  
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The superoleophobicity [26, 29] of the boat provided it with the possibility to 
carry quasi-spherical droplets (the radius of the droplets was smaller than the capillary 
length) of water/alcohol solutions (serving as a fuel tank) which demonstrated 
markedly lower than pure water surface tensions (see the Experimental Section). It 
should be emphasized that the boat was made from aluminum, which is markedly 
heavier than the supporting water (the density of aluminum )g/cm7.2 3 . The 
ability of heavy objects to float was treated in detail recently in Ref. 30–31.  
Two series of experiments were performed. In the first series 2.5 µl droplets of 
aqueous ethanol solutions of various concentrations (20–40 wt%) were carefully 
placed on the surface of the boat, as shown in Fig. 1A, and the self-propulsion of the 
boat was observed and registered. The results of these experiments are plotted in Fig. 
7A–B. It is recognized from the graphs supplied in Fig. 7A–B that the self-propelling 
occurs in two distinct stages: accelerated motion which lasts ca. 10 s is followed by 
the decelerated motion which goes on ca. 100–150 s. The decelerated section of the 
motion is illustrated in more detail in Fig. 7B. It is seen from Fig. 7A–B that the 
maximal velocity of the self-propulsion grows, with the initial concentration of 
ethanol in the droplet c0, whereas the deceleration is slightly dependent on the value 
of c0. 
In the second series of experiments 2.5 µl droplets of aqueous solutions of 
various alcohols with the same initial concentration (c0 = 5 wt%) were placed on the 
boat. Figure 8 depicts the time dependence of the velocity of the center mass of the 
micro-boat cmv  for the alcohols used in the investigation. 
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A 
 
B 
Fig. 7. A The time dependence of the velocity of center of mass of the boat cmv  for 
water solutions of ethanol with various concentration c0. The blue line represents 
fitting of the experimental data with Eq. (5).  
B The decelerated section of the self-propulsion (marked by the gray rectangles in 
Fig. 7A). 
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Fig. 8. The time dependence of the velocity of center of mass of the boat cmv  for 
aqueous solutions of various alcohols with the initial concentration c0 = 5 wt% 
. 
Again a relatively short stage of the accelerated self-propulsion (~10 s) is 
followed by the prolonged decelerated motion (~100–150 s). It should be emphasized 
that the maximal velocity of the center mass of the boat 
max
cmv  unambiguously 
correlates with the maximal change in the surface tension, due to the condensation of 
alcohols, established experimentally with the pendant droplet method, as 
demonstrated in the Table 1. Thus it is reasonable to relate the effect of self-
propulsion to the Marangoni soluto-capillary flow, resulting from the condensation of 
alcohols evaporated from a droplet on a water surface. 
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3.2. The model describing the self-propulsion 
The equation describing the motion of the boat is: 
  
2
cm
2
fr
cm
d
d
LvLLF
t
v
m


, (1) 
where m, L and cmv  are the mass, characteristic dimension and velocity of the center 
mass of the boat correspondingly,   and   are the surface tension and the viscosity 
of the supporting liquid correspondingly [32];   and   are the dimensionless 
coefficients, where   depending on its shape, [32]. The accurate solution of Eq. (1) is 
a challenging task; assume “naively” that:  
 








ev
0 exp



t
L
, (2) 
where s100ev   is the characteristic time of evaporation of alcohols in the solution, 
as established experimentally [32–33], 
2
0 mJ/m45  is the initial jump in the 
surface tension due to the condensation of alcohols on the water surface (see the data 
supplied in Figs 3–4 and Table 1). Indeed, evaporation of alcohols decays with time, 
and we assumed that the decay is exponential in time (see Eq. (2)). Considering Eq. 
(2) enables rewriting of Eq. (1) for the one-dimensional self-propulsion as follows: 
 






ev
0cm
cm exp
d
d


t
LvL
t
v
m . (3) 
It is convenient to re-shape Eq. (3) as given below: 
 






ev
cm
fr
cm exp~
1
d
d

t
av
t
v
, (4) 
where  Lm /fr   is the characteristic time of viscous friction-based deceleration of 
the boat, mLa /~ 0   is the constant with the dimension of the acceleration. The 
mass of the boat carrying a droplet is comprised of the mass of the boat itself (
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g018.0b m ) and the mass of the droplet ( g002.0d m ); thus, 
kg102 5db
 mmm . For the sake of a very rough estimation, we assume: 
1;sPa10;m105 33   L ; this yields a rough estimation of the friction time: 
s5fr  . The hierarchy of characteristic times also includes the characteristic time of 
diffusion of the ethanol vapor in air DR /2diff   (where R is the radius of the droplet 
and D is the coefficient of diffusion of the ethanol vapor in air), and the characteristic 
time of the evaporation of a droplet ev  (which was established experimentally as ca. 
2 min). Assuming /sm103;m10 253   DR  supplies for the characteristic time of 
diffusion the estimation s103
2
diff
 ; thus we conclude that in our experimental 
situation the inequality:  evfrdiff    takes place. This hierarchy of 
characteristic times enables the self-propelling of the boat a carrying droplet-fuel tank, 
which continues for several seconds. 
The true values of the parameters α and a~  remain unknown, and we consider 
them as “free”, fitting parameters. Solution of the differential equation (Eq. (4)) and 
considering the initial condition 0)0(cm tv  yields (consider that evfr   ):  
 







































frev
1
frfrev
1
ev
1
f
cm expexp
~
expexp
~
)(

ttatta
tv
r
, (5) 
Finally for the modulus of the acceleration of the center of mass of the boat 
t
v
a
d
d cm
cm   we obtain: 
 

















 

ev
1
ev
fr
1
fr1
fr
cm expexp
~





tta
a . (6) 
It is easily seen that 0cm a  and the motion is accelerated until 
*tt  , 
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 s153ln fr
fr
ev
fr
*  


t . (7) 
It is convenient to introduce the dimensionless parameter evf / r . The maximal 
velocity of the center of the boat is obtained after substitution of Eq. (7) into Eq. (5), 
and it equals: 
 
 


 1fr
1
fr
max
cm
~
)(
~


aa
v . (8) 
Considering ev,
~ a  and fr  as fitting parameters we fitted the experimental data by the 
dependence supplied by Eq. (7). The resulting fitting curve is shown with the blue 
solid line in Fig. 7A. The values of fitting parameters calculated for various 
experimental conditions are summarized in Table 2. As it may be expected the values 
of the parameters a~  and α, representing in our model the driving force of the soluto-
capillary Marangoni flow, grow with the concentration of ethanol in a droplet. 
 
Table 2. Values of fitting parameters 
ev,
~ a  and fr  extracted from the experimental 
data  
Ethanol, 
concentration, wt% 
a~ , m/s2 α 
ev , s fr , s 
30 0.030±0.001 ~2.87×10-6 75±6 0.93±0.18 
40 0.055±0.001 ~5.16×10-6 143±10 0.95±0.1 
 
As a “zero approximation” for the modulus of deceleration cma  we may deduce from 
Eq. (7) (for time spans evfr   t ): 
 
ev
1
fr
cm
~
 

a
a . (9) 
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It is expected from Eq. (9) that the values of deceleration for time spans evfr   t  
will be of the same order of magnitude for various alcohols. This prediction is 
supported by the experimental data represented in Fig. 7B. Thus we came to 
conclusion that that the phenomenological dynamic of the self-propulsion casted by 
Eqs. (1)–(4) describes the phenomenon satisfactorily and successes to describe the 
essential features of the self-propulsion. It is noteworthy that the maximal velocities 
of the self-propulsion, listed in the Table 1, correlated with the maximal change in the 
surface tension, due to the condensation of alcohols, and in turn they correlated with 
the chain length of the molecule of alcohol. This observation contradicts, to the 
findings reported in Ref 28, where the inverse dependence of the velocity of self-
propulsion on the chain length of the molecule of alcohol has been reported. This 
contradiction calls for the future investigation. 
 
4. Conclusions 
The self-propulsion of the heavy aluminum superoleophobic micro-boat is 
presented. The micro-boat is driven by the solutocapillary Marangoni flow, arising 
from the evaporation of various alcohols (namely: methanol, ethanol, propanol and 
butanol) from the “fuel tank”, namely the 2.5 µl droplet containing the aqueous 
solution of alcohol. Use of the superoleophobic surfaces allowed placing on the 
micro-boat droplets containing aqueous solutions of alcohols with the concentration 
as high as 40 wt%. The special shape of the micro-boat provides the condensation of 
the ethanol on the supporting water surface mainly at the rear of the boat, thus the 
gradient of the surface tension is created under breaking of spatial symmetry [34]. 
This gradient, in turn, gives rise to the Marangoni flow, supplying to the boat maximal 
velocity, as high as ca. 0.05 m/s. The self-propulsion is stopped by the viscous drug. 
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The qualitative analysis of the self-propulsion is presented. The phenomenological 
model proposed in the paper describes satisfactorily a two-stage self-propelling 
motion of the boat, when the accelerated motion is followed by the decelerated 
displacement. Such kind of the Marangoni flow driven self-locomotion was also 
reported by other groups [35]. The introduced model is linear, thus the effects due to 
non-linearity of the problem, such as oscillation of velocity [36–37], clearly seen in 
Fig. 7A are lost and call for the improvement of the model.  
The maximal velocities of the self-propulsion correlated with the 
experimentally established maximal changes in the surface tension, due to the 
condensation of alcohols, and in turn they correlated with the chain length of the 
molecule of alcohol. This observation contradicts, to the experimental observations 
discussed in Ref 28. In this research the self-propulsion of a nano-cellulose aerogel 
membrane, permeable to gases but repellent for liquids was reported. Vapors of 
various alcohols penetrated through the membrane and gave rise to the Marangoni 
flow [28]. The authors of Ref. 28 observed the inverse dependence of the velocity of 
self-propulsion of the membrane on the chain length of the alcohol molecule. This 
contradiction calls for the future research. 
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